Energy planning models (EPMs) support multi-criteria assessments of the impact of energy policies on the economy and environment. Most EPMs have originated in developed countries and are primarily aimed at reducing greenhouse gas emissions while enhancing energy security. In contrast, most, if not all, developing countries are predominantly concerned with increasing energy access.
Introduction
Continued anthropogenic greenhouse gas (GHG) emissions have led to their unprecedented atmospheric concentrations 1 , contributing to and amplifying global climate change 2 . Fossil fuels and land use change (for example, through deforestation and farming) are two primary sources of GHG emissions, of which the emissions from land-use has been nearly constant 3 , while the emissions from fossil fuel based energy systems increased by 50% between 2000 and 2013
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. Current energy and transportation systems can result in substantial GHG discharges 5 , with a likely global mean temperature increase between 2.0-4.9 °C, with a median of 3.2 °C by 2100 6 . Even if current GHG concentrations remain constant, the world will experience a few centuries of rising temperature and ocean level 7, 8 . Therefore, substantial reductions in global GHG emissions are essential for mitigating climate change.
In addition to the infrastructural elements of national energy systems (i.e. generation, distribution, and transmission), access to grid electricity and purchasing power of the population influence energy enduse and GHG emissions. Figure 1a illustrates that both access to electricity and per capita CO2
emissions are more significant in high-income countries, compared to low-and middle-income developing countries. Most developed countries can ensure 100% access to electricity, which only a few developing countries can match. In 2010, annual per capita CO2 emissions ranged from 0.02-15.14 tCO2 in low and middle-income countries, compared to 1.6-42.63 tCO2 in high-income ones. In general, there is a positive association between electricity access and GHG emissions. One notable exception is Costa Rica, an upper middle-income country, which had 98% access to electricity but per capita CO2 emissions of 1.7 tCO2, well below the average of 2.09 tCO2 for all low and middle-income countries in 2010. This is because 93.3% of Costa Rica's energy was from renewable resources, of which hydroelectric sources accounted for 75.8% (ref.: 9 ).
<Insert Figure 1 about here> As a result, future energy planning objectives of developed and developing countries are distinctly different. In developed countries, the focus today is on reducing emissions while enhancing energy security, primarily characterised by a shift from fossil fuels towards more renewable resources.
However, developing countries are concerned with increasing access to electricity, which is considered a prerequisite for development and economic empowerment, as reflected by the inclusion of energy as a goal in the Sustainable Development Goals 10 . The current CO2 emissions per capita of developing countries are low, often much below the global average ( Figure 1c ). Hence, emission reduction is not always on the agenda for developing countries, even at a cursory level, except for a few large countries such as China and India 11 .
Energy planning models (EPMs) play an essential role in the development of the energy sector at global, national and regional levels by enabling informed decision-making. EPMs are especially crucial as significant investments in innovative energy research and planning are required for decarbonisation 12 . The development of EPMs started in the late 1950's and early 1960s 13 but intensified after the oil crisis of the 1970s in light of the realization of the effects of exogenous political events on global and national energy supply 14 . It was necessary, then, to critically assess the interrelationships between the sources of energy supply and demand, as well as to identify pathways for long-term development of the energy sector 15 . The drive for global sustainability in the 1990s --spurred in particular by the Rio Earth Summit in 1992 and the 1995 report of the Intergovernmental Panel on Climate Change (IPCC) 16 --brought forward the issue of GHG emissions and their impact on the environment. As a result, further models were developed for projecting climate change and investigating the environmental impact and its mitigation. However, given that some two-thirds of global GHG emissions come from the electricity, heat, and transportation sectors 4 , the integration of the environmental aspects of energy demand and supply within EPMs became necessary, providing a comprehensive picture of the interrelationships between energy, environment, and climate change.
Over the past four decades, a substantial number of EPMs have been developed by researchers and organizations in different countries, with various objectives and scopes. EPMs range from the holistic -modelling the partial or whole energy system of a country, region or the world -to the more sectoral -providing projections of the energy needs of, for example, transportation or industry. Given that the IEA estimates the growth in energy demand over the next 23 years will be higher in developing Asian countries than the rest of the world 17 and future emissions from growth regions will be critical in the current 1.5°C temperature discourse 1 , it is essential to understand how EPMs reflect the challenges being faced by decision-makers in different parts of the world.
Previous work has reviewed EPMs of different types. Suganthi et al. 18 categorised energy demand projection models based on their methods but misclassified bottom-up and top-down approaches.
Bhattacharyya et al. 19 analysed available EPMs for application in developing countries but did not present details on relevant socio-economic parameters and their effect on policies. Pfenninger et al.
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categorised EPMs into four types: energy system optimization; energy system simulation; power system and electricity market and qualitative and mixed methods. They recommended further development and integration of innovative approaches into EPMs to address the complex interactions among disciplines such as social science, ecology, finance, and behavioural psychology. Urban et al.
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analysed twelve EPMs to investigate their suitability for developing contexts and suggested that critical characteristics of developing countries such as the informal economy and supply shortages were overlooked. The study identified a bias towards industrialised countries in the EPMs, yet specifics were not offered on socio-economic drivers such as political stability (or lack thereof) and corruption in energy markets in developing contexts.
In light of this, there is a lack of evidence-based analysis of contextual variations, model structures, and relevant emerging socio-economic variables for EPMs in the developing world context. To that end, we reviewed thirty-four current, highly used, macro-level EPMs to investigate their applicability and deficiency for energy systems in developing countries. Our focus is on the factors that affect the demand and supply of energy, as well as the rational development of the energy sector in a developing country.
Typology and structure of energy planning models
We conducted a systematic survey of published literature on EPMs. Our study focuses on models predominantly used for the planning of energy systems and infrastructures and that are more strategic, as opposed to operational. First, a preliminary study was conducted to gather an overview of the topics related to EPMs that resulted in the identification of two main themes: energy demand and supply; and energy information and emission models. Electronic databases  namely Google Scholar, (Table 2 ). In addition to the published journal articles and books, manuals of different models were investigated to explore their structure and key components.
The reviewed models were categorized based on model objectives to contextualise the subsequent analysis and discussion. Model structures were then analysed to investigate their relevance and deficits in developing contexts. For the categorization by model objective, four categories were used:
energy information systems, energy demand-supply, energy-economic and energy emissions models. Although financial data are typically classed as 'quantitative', based on the extensive use of these variables in different models it was deemed worthwhile to include them as a separate characteristic.
The underlying methods were categorised into accounting framework, regression, optimization, econiomic, simulation, and equilibrium methods. Output variables were classified into energy, emissions, and cost measures.
<Insert Table 1 about here> Among the analysed 34 models, quantitative and financial data are utilised in 34 and 32 models respectively. 27 models used disaggregated data as input variables. In the case of the output variables, most of the model's outputs are energy (30 models), emission (29 models), and cost (28 models).
Model outputs are often normalised; e.g. cost/GDP, cost/capita, cost/generation, and emissions/GDP.
Reviewed models adopted different underlying methods for estimation and projection. Optimization methods are widely utilised (13 models), followed by simulation (11 models) and economic (10 models) methods. Optimization methods are mostly applied to energy demand and supply, and economic models.
<Insert Table 2 In the case of underlying methods, optimization was utilised in fourteen models because they would create an optimization loop as a way of testing whether the selected output satisfies the defined constraints. In some models, especially energy demand and supply models, the primary objective is to find the least cost solution for the energy market. Optimization methods in such models would render the opportunity to test different policies against the least cost option. However, simulation methods were also utilised in a significant number of models.
Developing country characteristics not addressed in EPMs
Almost all EPMs were constructed in developed countries (Table 3 ) and considered their energy systems, economic assumptions, and the extent to which GHG emissions need to be reduced. While CO2 emissions per capita in high-income countries are decreasing (Figure 1b) , they are increasing in the developing upper-middle and middle-income countries, whose primary objective often is to improve access to convenient forms of energy. Despite the fact that some EPMs have been widely adopted for energy system planning in developing countries, they lack consideration of a substantial number of issues affecting developing contexts; e.g. the effects of a lack of innovation, and the varying nature of privatisation, decentralisation and competition in the energy industry 22 . Policy priorities in EPMs need to be more country-specific or regional, because of the differences in objectives due to the common socio-economic vulnerability or conditions, and geographical and climatic characteristics. Indicators relevant to most developing economies include 22 : issues regarding resource management; assessment of energy alternatives; the economic and technical challenges associated with the transformation of the energy infrastructure from a centralised one to an intelligent and decentralised one; and financial vulnerabilities in households. Addressing these in EPMs is necessary to provide higher reliability of estimates.
<Insert Table 3 about here> In the following sections, the issue of suppressed demand in developing countries is analysed, followed by a discussion of the difference in socio-economic characteristics such as corruption and political stability, as well as their effect on the economy. Subsequent sections explore the impact of data inadequacy on the development of EPMs and the impact of climate change, focusing on the effect of energy planning on land development and food production, as well as the role of extreme weather events. Finally, the impact of poor characterisation of variables on EPMs is discussed.
Suppressed demand in developing countries
Suppressed demand refers to the incapability of the people or community or nation to meet minimum services levels (MSL) necessary for human development 23 , such as clean and safe drinking water and adequate energy for cooking and lighting because of some host barriers 24 . Barriers can be a lack of infrastructure, low technology penetration, and poverty, particularly the high costs of energy services compared to household incomes 25 . Energy infrastructure barriers such as the lack of access to grid electricity can lead to minimal or no use of electrical appliances. The barriers can also interact to produce a situation where the population cannot afford energy for basic needs because of low income and high unit cost. On the other hand, studies show that the reduced unit cost often results in higher demand for energy. For example, the transition from kerosene to electric lighting in developing countries reduced the unit cost of light by more than 90% but augmented the consumption of lighting services (lumens) by a factor of 40 [25] [26] [27] . In the case of the technology barrier, the penetration of specific technology among the population can be hindered by the higher initial cost. This cost can be compensated by high income and policy incentives (such as tax reduction on the technology or subsidies) by governments. influences the 'suppressed' demand by allowing more people to access electricity. Moreover, improved buying capacity enables consumers to buy and utilise more electronic products, resulting in exponential electricity consumption growth. After reaching a stable economic stage, the energy consumption growth slows steadily 34 , despite the fact that the GDP can keep rising.
<Insert Figure 4 about here> In developing economies, corruption influences policy decisions, including the procurement of mega projects-often resulting in the selection of higher cost options 35, 36 , that may benefit the decision maker(s) to the detriment of the environment and economy. For example, post-2009, Bangladesh's increased dependence on volatile international energy markets for oil imports was due to the growth in for-profit, private sector oil-based generation plants operating during off-peak hours that resulted in greater macroeconomic risks 37 . The sub-optimal decision to increase oil-based electricity generation beyond peak generation capacity requirements has been reported as ad-hoc and short-sighted 37 .
<Insert Figure 5 about here> Evidence suggests that reduced corruption can result in a significant increase in GDP; e.g. if
Bangladesh can enhance its bureaucratic integrity and efficiency to the level of Uruguay its annual GDP growth would elevate by over half a percentage 35 . Figure reported in all life cycle stages of energy projects, but most evidence on its existence and extent are reported for the tendering process, 38 which directly increases the project cost and corresponding loan amount. The terms of these loans are typically longer (e.g. decades) and interest rates are higher, due to the perceived risks of political instability and inflation-resulting in higher repayment cost and increased national debt. The consequences of increased pressures on public finance are the inevitable rise in personal and sometimes business tax rates, further increasing inflation. Another impact of a corruption-related increase in macroeconomic stress is the detrimental effect on social and economic development, as money intended for these sectors is often reallocated for debt repayment 37 .
Comparatively low levels of corruption in developed countries have limited effects on energy projects and the economy, the modelling of which is, therefore, low in priority. In contrast, energy project procurement, management and operation in developing countries are evidently corrupted with severe impacts on the economy 39 . Corruption and its effects on micro-and macroeconomic performance in all life cycle stages of energy planning should, therefore, be an integral part of any modelling effort in developing countries.
Among the 34 reviewed EPMs, none of them addressed the implications of corruption on the energy economy. In addition to corruption, none of the reviewed models considered the effect of political instability on the economy, which was found to be prominent in developing contexts. Also, the influence of per capita income change drives energy consumption differently in developing economies than that of developed ones; this aspect was also found to be less elaborately modelled in the reviewed EPMs.
Data inadequacy
Estimation/projection quality in EPMs depend on data adequacy and accuracy, as historical trends determine the future projection. EPMs are mostly mathematical models in which data inadequacy can result in inaccurate estimation or at least increase the uncertainty of prediction. Also, incomplete data records hinder the assessment of potential interrelations among the variables, rendering the EPM development process difficult. Data inadequacy is reported to be more pronounced in developing contexts than that of developed ones [40] [41] [42] , in particular regarding the required level of disaggregation and resolution, as well as the provenance of data. Careful considerations should be given, especially in developing contexts, to the collection of quality-assured data. On the other hand, modelling approaches should be flexible enough to accommodate incomplete historical data up to an acceptable limit while compensating for the possible variations in temporal and spatial resolutions.
Climate change impact
Climate change is projected to disproportionately impact some developing countries (e.g. Bangladesh,
Philippines, Malawi and India) not only because of their development status and perceived shortcomings in adaptation capacity but also because of their inherent geographical and social vulnerabilities. Moreover, the global energy system is transitioning away from centralised generation and management to a more distributed, intermittent renewable energy and land-based system, where land and infrastructure resilience to natural hazards is becoming increasingly important, even for energy planning 43 . The impacts of climate change on the broader economy and environment require the consideration of region-and country-specific parameters for resilience, adaptation, mitigation, and development in EPMs. None of the EPMs reviewed considers the impacts of climate change. Even energy emissions models consider only energy related emissions and may also consider their future evolution from decarbonisation perspectives.
Energy vs land vs food
Land-based economic sectors are particularly vulnerable to sea level rise, as well as natural disasters such as floods, tsunamis, and landslides due to increased precipitation, all of whose occurrence is projected to increase. Developing countries are particularly vulnerable to these impacts because of their tropical and sub-tropical locations and geomorphology 44 . For projected sea level rises of 45 and 100 cm, up to 15,600 and 30,000 km 2 of land area respectively will be permanently flooded in . In the case of Maldives, the entire island country would drown if the sea level rises, as the highest point is only 2.4m higher than the sea level.
Moreover, energy infrastructure in several countries is vulnerable to sea level rise 47,48 , as they are situated near the water resource such as river and sea for cooling purpose 49 . Direct impacts of climate change on energy systems are thus related to energy infrastructure resilience and energy production when vulnerable lands are used for energy crops.
As a matter of course, and in line with the theoretical discourse on stages of economic growth, the least developed and developing countries aim to become developing and developed respectively- System Planning package (WASP) was predominantly used for energy planning. WASP is essentially an optimum solution finder for the supply-side expansion and is mostly unsuitable for modelling landbased interactions. The increasing interactions between food, land and energy, therefore, need to be modelled and assessed holistically for informed decision-making.
Effects of extreme weather events
Extreme weather events are typically rare, yet climate change will make some of these events more likely to occur and more likely to be severe 52 . Slow-onset events such as heatwaves and unexpected low temperatures have a direct effect on comfort related energy demand 53 , in addition to the resulting increased mortality, especially among the elderly, children and the infirm. While effects such as these are common to both the developing and developed countries, the amplitude and duration of extreme events, as well as the inability to cope with their sudden onset are often more pronounced in tropical and sub-tropical developing countries; e.g. heatwaves in India and Pakistan in 2015 54 . Air conditioning accounts for 28% of electricity consumption in the hottest months in Delhi, India 55 .
Although India started its first energy efficiency rating for air conditioning and labelling programme in 2006 56 , aimed at reducing annual electricity demand by 27 TWh by 2020 57 , a heatwave can escalate that demand 58 . Climate change impacts are seldom considered in EPMs likely because they originate in developed countries that have been shown to be less vulnerable than developing countries where climate change can cause immense damages 59 . None of the reviewed EPMs considered the climate change impact. BD2050 only explored the implication of energy policies on food security. That does not necessarily explore the impact of climate change in Bangladesh. Energy demand projection and infrastructure resilience should, therefore, consider the probability of extreme weather events, especially in EPMs for developing countries.
Effects of poor characterisation
Poor characterisation of the energy system and its underlying socio-economic parameters can lead to inappropriate modelling of future energy and emissions scenarios in both developed and developing countries (Table 4) . Inaccurate projections affect energy system planning and infrastructure development, especially in the long term. Furthermore, energy dynamics in developing countries are complicated because of the prevalence and different distribution of the following socio-economic and political parameters: political stability, energy use characteristics of the extremely poor, the pervasiveness of small unregistered businesses, the presence of large informal sectors, corruption, and subsidies. Moreover, most of these aspects have seldom been addressed in a reasonable level of detail in the literature. The gap in knowledge is exacerbated by the limited availability of modelling expertise in developing countries. Complexities such as these make the energy models in developing countries more vulnerable to poor characterization than that of the developed ones.
<Insert Table 4 The consideration of the identified deficiencies in developing contexts and their treatment in energy planning models need to be context specific, both regarding integration with existing models and for the development of new ones. In cases where empirical relationships between deficient parameters and outcome variables are well established and accepted by the stakeholders, the decision on integration versus new EPM development will depend on the complexity of integration with the existing model and the potential for contribution in policy development and energy planning. On the other hand, not all deficiencies need to be accounted for in all model types. Table 5 provides an applicability matrix of the identified variables against model typologies.
<Insert Table 5 about here> A summary of potential considerations for the identified deficiencies for the development of or integration into future country/region specific localised EPMs follows.
Suppressed demand.
Detailed relationships between the constituent variables of energy demandsuch as the elasticity between income threshold and buying capacity and grid connectivity -need to be addressed in EPMs for developing contexts.
Dynamics between political stability and economic growth. Not all developing countries share similar political stability. If there exists an evident correlation between economic growth and political stability, it should ideally be explicitly modelled in the EPM. Where the relationship is not conclusive, further research needs to be conducted, even for implicit or proxy considerations.
Influence of corruption on the energy economy. The treatment of corruption in models should be context specific. Multiplier based modelling will be time and cost effective if a significant relationship exists between corruption and outcome indicators. In cases where the relationship is not apparent or cannot be mathematically formulated, conveniently, underlying causes can be investigated further.
Data gathering, validation and sharing.
A structured data gathering and sharing system can contribute to the enhanced accuracy of the EPMs, as well as the effectiveness of the resulting policies.
Climate change impacts on energy infrastructure and systems. Depending on the country-specific impacts of climate change on energy systems and infrastructure, its degree of incorporation in EPMs can be varied. If the projected climate change has a significant effect on future energy infrastructure and systems, it should be modelled explicitly, especially for land-based variables such as land use, distributed energy generation, food production and bioenergy. In most cases, the explicit modelling of climate change impacts would require further investigations on the interactions between related variables.
Outlook
Distinct differences exist between the evolution of energy systems in developing and developed countries, as a response to varying social, technical, economic and environmental stimuli. Developed countries primarily aim to reduce climate-affecting GHG emissions while enhancing energy security.
In contrast, developing countries are predominantly concerned with increasing access to conventional forms of energy through infrastructure expansion, which is often seen as a prerequisite for economic and social development. Despite the differences in overall policy goals, EPMs play a central role in energy sector development and transformation in both developing and developed countries. Current
EPMs were mostly created in developed countries, often with the assumptions and biases of the country and region in which they were developed. Recognising the importance of EPMs in shaping the energy future, our analysis of 34 EPMs revealed several important shortcomings for the developing context.
A key finding from our Review is the lack of consideration in the analysed EPMs of the unique socioeconomic characteristics in developing countries such as suppressed demand, corruption, and political instability. Disregarding suppressed energy demand can potentially underestimate total demand, rendering future planning inaccurate and ineffective, especially for long-horizon planning such as 2050 pathways. Corruption is a complex socio-economic factor and can increase capital and operation costs of energy projects and infrastructure in some developing countries, affecting sustainability. Also, the economy is sometimes linked with political instability which, on its own can affect energy infrastructure resilience.
Apart from the developing context-specific socio-economic deficiencies in the current EPMs, climate change impact on land availability and food production is likely to alter the dynamics of energy-foodemissions interactions, especially in the highly populated developing countries. Increasing penetration of distributed energy resources and bioenergy goals require that EPMs should now consider landbased interactions between energy, food, and environment for future planning and development.
Country-specific trends in GHG emissions are also evolving. Collectively, middle-and upper-income Table 3 . 
Optimisation
The calculated best solution/s may be incorrect, because of the inadequate interpretation of economy and resources framework.
Equilibrium
Overlooking the disequilibrium of business sectors and overestimate business sector impacts that prompt contorted results
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.
Modelling approaches

Top-down model
The incorrect or incomplete linkage or data in model frameworks results in incorrectly computed outputs Bottom-up model This typology of models would be influenced by inappropriate or incomplete relations and information in the frameworks, bringing about incorrect results
Hybrid model
Hybrid models could lead to inconclusive results due to inappropriate interrelations of different parts of the system with economic and scientific data. 
